Hyphal growth responses of Geotrichum candidum, Gliocladium roseum, Humicola grisea and Trichoderma viride to Cu and Cd were studied using a simple tessellated agar tile system. Negative chemotropic behaviour of hyphae, which included curling and growth away from metal-containing domains, occurred in all species and with both metals. Both toxic metal and sucrose concentrations in the medium modulated the magnitude of the negative chemotropic effects observed. In general, greater concentrations of metals led to a higher level of negative chemotropism in response to Cu and Cd, which could be reduced with increasing concentrations of sucrose in the medium. This suggests that resource availability affects the ability of these fungi to grow into metal-laden domains. ß
Introduction
An important feature of the fungal hypha is that it enables spatial exploration of the environment in order to locate and exploit new substrates. Accomplishment of this task is facilitated by a range of sensory responses that determine the direction of growth of germ tubes and hyphae. Fungi di¡er in their environmental requirements, and there are di¡erences between species in the nature of these growth responses, known as tropisms [1] . Fungi manifest a wide range of tropic responses, including negative autotropism of germ tubes and hyphae [2^4], positive chemotropism of germ tubes towards volatile compounds released by substrates [5] , variable tropic responses to oxygen [6, 7] , phototropism [8] , radiotropism [9, 10] , gravitropism [11, 12] , thigmotropism [13, 14] and galvanotropism [15] . A positive tissue tropism was shown to be an important stage in the development of parasitic fungi [16^19] , while it has been demonstrated that responses of germ tubes di¡er from the tropic orientation of mature hyphae [20] . However, the majority of studies focus on germ tubes and information on the tropic responses of mature vegetative hyphae is sparse. In this paper, we present the ¢rst observations of hyphal chemotropic responses of some soil fungi to toxic metals using a simple agar tile system, adopted from a system previously used in studies of fungal responses to nutritional spatial heterogeneity [21] . The effect of substrate concentration on the ability of the fungi to grow into metal-containing regions was also studied. Such morphogenic behaviour may be of signi¢cance in metal-polluted environments.
Materials and methods
The basic microcosm design used in this study consisted of two square tiles of agar (10U10U3 mm) arranged in an adjacent pair in sterile 9-cm diameter Petri dishes, with a 2-mm air-gap between the tiles [21] . Control (metal-free) tiles comprised Czapek^Dox agar medium containing (l 31 ): 30 g sucrose, 12 g agar No3 (Oxoid L13), 2 g NaNO 3 , 0.5 g KCl, 0.5 g Mg glycerophosphate, 0.35 g K 2 SO 4 , 0.01 g FeSO 4 W7H 2 O (pH 6.8 þ 0.2 after sterilisation). The metal-containing domain consisted of the same medium composition supplemented with sucrose concentrations ranging from 1^30 g l 31 and either Cu or Cd chlorides at concentrations ranging up to 2 or 5 mM, respectively. Metal chlorides were added to agar medium at 45^50³C from concentrated stock solutions and mixed thoroughly. The metal-free tiles were inoculated with a spore suspension of either Trichoderma viride Persoon: Fries, Gliocladium roseum Bainier, Geotrichum candidum Link or Humicola grisea Traaen (all from the collection at the Department of Biological Sciences, University of Dundee); the Petri dishes were sealed with para¢lm and incubated for 2 weeks at 25³C. Periodic microscopic observations were made on fungal development. Four replicate microcosms of fungus:metal:sucrose combinations were established and observed. The magnitude of the negative chemotropic responses of the fungal hyphae when growing from control metal-free tiles to the metal-containing tiles were scored visually on a four-point (zero:low: medium:high) scale.
Results and discussion
Negative chemotropism to Cu and Cd was exhibited by all fungal species used in this study, and was manifest as a marked curling and growth away from the metal-containing tiles (Tables 1 and 2 ; Figs. 1 and 2). In general, greater concentrations of metal resulted in a greater degree of negative chemotropism for all four species of fungi tested. Growth of G. candidum and H. grisea was studied in the experimental system with the metal-containing tiles containing only 30 g l 31 of sucrose (Table 1 ). It was shown that the tropic response of G. candidum hyphae to the toxic metals increased with increasing concentration of metal. Fig. 1 shows the growth responses of G. candidum hyphae approaching the metal-containing tiles. They ranged from the actively growing, branching and penetrating mycelium for the metal-free control (Fig. 1a) to welldeveloped negative chemotropic hyphal reactions for 2 mM Cu (Fig. 1b,c ) and 5 mM Cd (Fig. 1d) . However, the magnitude of the metal-related e¡ects was modulated by the concentration of sucrose in the metal-containing domain and, generally, greater concentrations of sucrose in these tiles reduced the magnitude of the negative growth e¡ects, as shown for T. viride and G. roseum ( Table 2 ). The variety of negative chemotropic responses of T. viride hyphae is shown in Fig. 2 . For the metal-free control, hyphal growth of T. viride was clearly una¡ected by passage between the agar tiles with the newly colonised tile being actively penetrated at a sucrose concentration of 1 g l 31 (Fig. 2a ). There were no apparent di¡erences in T. viride hyphal growth towards the control metal-free tiles when containing 1, 5 and 15 g l 31 sucrose (results not shown). However, hyphal curling and a change of orientation of hyphal tips away from Cu-or Cd-containing tiles (2 mM) was observed for T. viride when the concentration of sucrose was 15 g l 31 (Fig. 2b,d ). The most pronounced negative chemotropic response was found for T. viride growing towards 2 mM of copper under nutritionally depleted conditions at a sucrose concentration of 1 g l 31 , when almost all hyphal tips turned at s 90³ away from the metal-containing location (Fig. 2c) . In some instances, where hyphae of T. viride were observed to grow parallel to, but distant from, the metal-containing tiles, secondary branches predominantly formed on the distal side of the hyphae, away from the metal-containing region (data not shown). The negative growth responses to both Cu and Cd of G. candidum and H. grisea were greater than those for T. viride and G. roseum at sucrose concentrations of 30 g l 31 (Tables 1 and 2 ). Under such nutritionally replete conditions, negative growth responses to copper were not observed for either T. viride or G. roseum ( Table  2 ). The threshold metal concentration inducing a chemotropic response in G. roseum at low sucrose concentrations (1^5 g l 31 ) was higher than that of T. viride. G. roseum was more sensitive to Cu than to Cd.
The morphogenic responses noted here may be of envi- . The sucrose concentration of medium is shown in brackets. Photographs are derived from at least four replicate treatments all of which gave similar results. The air-gap between the tiles is approximately 2 mm. ronmental signi¢cance. Polluted environments typically contain a spatially heterogeneous distribution of metal concentrations and the ability of fungi to colonise, or avoid spatial e¡ects of such toxic domains, will be in£u-enced by the resources available to the fungi. In a lownutrient environment, there may be a limitation to the expression of both direct and indirect mechanisms of tolerance or resistance with toxicity being increased in these environments [22] . As was found in this study, the quantity of growth resources available to fungi a¡ected their tropic responses to toxic metals, and where more resources were available to the fungi, they were better able to penetrate metal-containing domains.
The mechanisms of many tropic responses of fungi remain obscure. Positive tropic reactions of fungi such as chemotropism towards nutrients, attraction of parasites to their hosts, sexual tropisms and negative autotropism of fungi have been described [23] . It is often assumed that hyphae grow chemotropically towards nutrients, but for most fungi evidence for this phenomenon is poor or non-existent [23] . The mechanisms of fungal chemotropism should be considered in relation to apical growth of the hyphae where growth stimulation on one side of the apex may cause a bending towards the stimulator. It follows that growth inhibition will cause a bending away from the inhibitor. A chemotropic response must therefore involve recognition of an asymmetric distribution of the chemical at the growing apex that results in the observed growth e¡ects [23] . Since chemical e¡ectors are so diverse that it seems unlikely that they all have the same cellular site of action. Kern et al. [12] suggested that the graviresponses of Flammulina velutipes involved three major, coordinated events: (i) sensing by the individual hyphae within the transition zone, (ii) unidirectional signalling by means of a soluble growth factor creating a concentration gradient and (iii) translation of the concentration signal into elongation growth. There are also suggestions of bioelectric control of the polarity of hyphal growth and action potential activity has been found in several cordforming fungi [24] . It was also suggested that externally applied electrical ¢elds can change the distribution of certain proteins in the cell membrane thereby inducing polarity, and a model accounting for pH and Ca 2 -dependent galvanotropism of fungi involving an interplay between such electromobilisation of proteins in the cell membrane and electrical ¢eld-induced perturbation of calcium ion transport was proposed [15] . While identi¢cation of the chemotropic mechanism was beyond the scope of this investigation, application of the agar tile system has provided a clear demonstration of negative chemotropism by some soil fungi. Such negative chemotropic responses in response to toxic metals may be of importance in metalpolluted locations, particularly in low-nutrient environments, when toxic e¡ects may be exacerbated [22] . The main environmental and physiological signi¢cance of such phenomena may be the avoidance of toxicity that subsequently enables mycelia to explore new habitats more conducive to their growth. 
